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Abstract—With the increase of the component number, the
power stress distribution among differential power processing
(DPP) converters, control implementation, system cost, and
reliability become the most challenging issues for a practical
photovoltaic (PV) DPP system. This paper introduces an im-
proved power rating balance (IPRB) control for the PV-to-Bus
based DPP architecture that ensures each PV submodule operate
at its true maximum power point (MPP) while achieving more
balanced power stress distribution and higher reliability. Specifi-
cally, a submodule-level finite-state-machine based MPP tracking
(FSM-MPPT) is implemented to guarantee always maximum
power yield, while a string-level power rating balancing (PRB)
control is adopted to balance the unit-maximum proceeded power
by DPP converters based on the built power flow model with
respects to the string current. A comprehensive comparison of
advanced control strategies for PV-to-Bus DPP architectures,
including least power point tracking (LPPT), voltage equalization
(VE) based PRB control, and the proposed IPRB, has been
carried out with the mission profile-based reliability assessment
under different partial shading scenarios. Component-failure-
rate based reliability analysis shows that the PV-to-Bus DPP
architecture with the proposed IPRB control can significantly
improve the system reliability. Main simulation and experimental
evaluations are carried out to verify the effectiveness of the
proposed control.
Index Terms—Differential power processing, maximum power
point tracking, mismatched PV, power rating balancing.
I. INTRODUCTION
GRID parity is the development goal for various renewableenergy sources especially for photovoltaic (PV) systems
[1]–[5]. As an essential metric in justifying the competi-
tiveness of the PV systems, the levelized cost of energy
(LCOE), which is defined by the total capital cost including
the operating and maintenance (O&M) over the actual energy
output during the lifetime of the PV system, should be lowered
in order to ensure the healthy development of PV systems
[6]–[10]. Thus, it is essential to ensure high viability of PV
with the aim of enhancing the actual energy production while
reducing the O&M and replacement costs at the same time
[11], [12].
One key issue for PV systems is the mismatching prob-
lem, which frequently occurs in a photovoltaic module or
submodule level due to partial shading conditions (PSC), hot-
spot effect, uneven aging or fabrication and defects [13]. As
illustrated in Fig. 1(a), two-third submodules within one PV
module are partially shaded, which will result in three peaks
in the output characteristics, as demonstrated in Fig. 1(b).
Although bypass diodes can be employed to alleviate the
negative impact, it still exhibits the effect of multiple peaks,













































Fig. 1. PV mismatch issue. (a) Current flow with two shaded submodules.
(b) Output I-V curve and P -V curve by using bypass diodes.
points (MPPs). Many global maximum power point tracking
(GMPPT) techniques have been discussed in [14]–[16]. How-
ever, they cannot always guarantee the maximum power ex-
traction in each module or submodule under all partial shading
conditions. Furthermore, even though the global maximum
power point marked with GMPP is extracted, the potential
power in Region A and F will be lost, as demonstrated
in Fig. 1(b). Consequently, the mismatch issue in the PV
submodule will result in obvious energy losses and hot-spot
phenomena that will go against with the system reliability and
lifetime improvement.
Several solutions based on distributed power architecture
(DPA) have been developed to eliminate the effect causing by
mismatches [21]–[25]. One useful DPA is called DC power
optimizer (DCPO), which regulates PV modules operate at
their individual MPPs through dedicated power electronics.
However, this architecture shows obvious drawback due to
high power losses and system cost since all extracted power
from PV modules must be processed by their individual con-
verters [26]. Thus, the power rating and reliability of dedicated
converters must be set equal to the full power of PV modules,
which affects the efficiency and reliability improvement. In
order to address this issue, differential power processing (DPP)
has been developed and is currently regarded as an effective
way of improving the actual power yield under PSCs [27]. By
employing the DPP architecture, only a fraction of produced
power from PV elements flows through converters, which
is beneficial to the power loss reduction. Furthermore, low-
voltage-rating power electronics can be utilized in the DPP
converters, which shows the benefit of cost-effectiveness.
Hence, DPP architectures become a preferred DPA solution
for PV mismatching problems.
Recently, different DPP architectures have been introduced,
including PV-PV [28]–[35], PV-to-Isolated Port Bus (PV-to-
IP) [36]–[39], PV-to-Bus [17]–[20], [40]–[42], and PV-to-
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TABLE I
COMPARISON OF CONTROL STRATEGIES FOR PV-TO-BUS DPP ARCHITECTURES
Feature LPPT [17] Direct LPPT [18] Unit-minimum LPPT [19] VE-based PRB Optimization [20] This work
Submodule level control Distributed MPPT TS-MPPT Distributed MPPT Voltage Equalization FSM-MPPT
Module level control LPPT LPPT PRB Hybrid PRB
True MPP operation Yes Yes Yes No Yes
Coupling degree High Medium High Low Medium
Power distribution Uneven Uneven Even Even/Uneven Even
Steady-state oscillation
(submodule-/module-level) Yes/Yes Yes/No Yes/Yes No/No No/No
Tracking speed
(submodule-/module-level) Slow/Medium Medium/Fast Slow/Medium Fast/Fast Medium/Fast
Control interface Yes No Yes No No
Substring [43]–[45]. Among there DPP architectures, PV-to-
Bus DPP shows the advantages of high system efficiency,
good galvanic isolation, and easy MPPT implementation for
individual PV elements [18]. For instance, all DPP convert-
ers in PV-PV architecture are required to participate in the
mismatching compensation even though only one or several
PV elements are partially shaded. Thus, higher power losses
are generated for the PV-PV architecture with the increase
in the number of PV elements connected in series among
three DPP architectures [38]. For PV-to-IP architecture, true
MPP operation for each PV element may become impossible
once there is power demanded from the secondary side to
PV elements. PV-to-Substring architecture is mainly based on
the concept of voltage equalization, which could not provide
an exact MPP operation, similar to the PV-to-IP architecture.
Meanwhile, considering the unidirectional nature of these
configurations, the processed power would be higher than
that with bidirectional solutions used in the aforementioned
architectures [46]. Thus, this paper will adopt the PV-to-Bus
DPP architecture as the preferred architecture in mismatched
photovoltaic systems.
For the practical design of photovoltaic PV-to-Bus DPP
systems, the most challenging issues include the power stress
distribution among DPP converters, control implementation,
system cost and reliability considering the development of
DPP systems from module level to submodule level in order
to address the photovoltaic intra-module mismatch problems.
With the number increase of DPP converters, the reliability of
DPP converters should be well considered since power devices
and capacitors in DPP converters are prone to failure compared
with PV elements. It was reported that semiconductor devices
such as transistors and diodes attribute 84.81% of the overall
failure rate while capacitors attribute 13.81% of the total
failure rate [47]–[49]. In order to address this issue, this paper
attempts to the system reliability analysis and optimization in
the photovoltaic PV-to-Bus DPP architecture by improving the
power-rating balance among DPP converters.
In order to address issue, this paper attempts to the system
reliability analysis and optimization in the photovoltaic PV-
to-Bus DPP architecture by improving the power rating bal-
ance among DPP converters. A comparison of main control
strategies for PV-to-Bus DPP architectures is summarized in
TABLE I.
In [17] and [18], the LPPT control was proposed to min-
imize the aggregate of total differential power in PV-to-bus
architectures. Specifically, [17] firstly introduced perturb and
observe (P&O) based LPPT to seek the string current with
total minimum differential power, also as the least power
point (LPP), and employed independent MPPT control for
each PV modules. Moreover, the individual true MPPT control
could be decoupled from the string current regulation since the
string current has no effect on the separated MPP operation
with a large enough sampling interval. However, it requires
n separated MPPT units for n DPP converters, considering
the sequential processing structure in micro-controllers. Both
the hardware size and implementation cost will be increased,
considering the additional auxiliary circuits for multiple micro-
controllers [21], [23]. In order to reduce the number of MPPT
units, the work in [18] presented the time-sharing MPPT
(TS-MPPT) to obtain the true MPP operation with external
enable signals. Thus, the total amount of MPPT control units
could be reduced to one, which is cost-effective. In the string
level, a direct LPPT control was implemented by calculating
the optimal string current reference with respect to the least
power point, rather than the P&O based seeking algorithm
[17]. However, with the string level LPPT, the power distri-
bution in DPP converters are uneven for the majority time.
Besides, obvious steady-state oscillations can be observed.
To solve this problem, the power rating balancing control
was proposed in [19] and [20] intending to seek the power
rating balancing point (PRBP) and achieve an even distribution
in unit-maximum power. Similar to the study in [17], the
work in [19] developed a string level P&O-based control
to obtain the even power distribution, namely unit-minimum
LPPT (UM-LPPT). Furthermore, the distributed MPPT was
employed for approaching individual MPP extraction. To
optimize the control effectiveness, the voltage-equalization-
based PRB optimization was proposed in [20], which shows a
lower control complexity. The voltage equalization (VE) was
employed as the submodule control with a suboptimal MPP
operation. In the string level optimization, a hybrid control
was developed with the LPPT and PRB control, which can
improve the system efficiency to a certain extent. Compared
with the aforementioned true MPP operation, the VE-based
PRB optimization shows the limitation in shifted MPP voltage,
which leads to external power losses.
In this paper, an improved power rating balance (IPRB)
control for the PV-to-Bus DPP architecture is proposed,
ensuring each PV submodules operate at its actual MPPs
while achieving a more balanced power stress distribution and
higher reliability. Basically, a two-level structure is adopted for
the proposed algorithm: submodule-level finite-state-machine
based MPP tracking (FSM-MPPT) and string-level power






































































































































Fig. 2. Operation modes of the PV-bus architecture. (a) Mode I. (b) Mode II.
(c) Mode III. (d) Mode IV.
ways guarantee maximum power yield. At the same time, PRB
control can balance the unit-maximum power proceeded by
DPP converters according to the built power flow model with
respects to the string current. A comprehensive comparison of
advanced control strategies for photovoltaic DPP architectures
has been carried out in terms of the total power of DPP
converters, the maximum power stress, power losses in power
devices, and the reliability under different PSC scenarios. The
comparison indicates that the proposed algorithm can achieve
a more balanced power stress distribution, which is beneficial
for system reliability enhancement. Besides, it can achieve
true MPP operation of each submodule with only one control
unit, which is cost-effective. Component failure rate based
reliability analysis shows that the PV-to-Bus DPP architecture
with the proposed IPRB control can significantly improve
the system reliability. Main simulations and experimental
evaluations are carried out to verify the effectiveness of the
proposed control.
II. ANALYSIS OF PV-TO-BUS DPP ARCHITECTURES
A. Power Flow Model for PV-to-Bus DPP Architectures
In the PV-to-bus DPP architecture, the processing power
depends on the string current, which directly affects the power
flow in each DPP converter. Basically, different operation
modes can be classified with respect to the string current. Here,
a practical PV module with three submodules is taken as the
example for the operation mode analysis.
Assume all three PV submodules operate at their individual
MPPs, the PV currents meet the condition “Ipv,1 < Ipv,2 <
Ipv,3”, where Ipv,1, Ipv,2, Ipv,3 refers to the MPP current of
submodule 1, 2 and 3, respectively. As demonstrated in Fig. 2,
four operation modes are classified based on the relationship
between submodule currents and the string current Istring.
Mode I (Istring ∈ [0, Ipv,1]): As illustrated in Fig. 2(a),
the string current is lower than the minimum value of the
PV currents, and all DPP converters extract the power from
corresponding submodules.
Mode II (Istring ∈ (Ipv,1, Ipv,2]): In this case, DPP
converter 2 and 3 extract power from submodule 2 and 3
while DPP converter 1 will inject power, as demonstrated in
Fig. 2(b). Here, Istring is set between the submodule current
Ipv,1 and Ipv,2.
Mode III (Istring ∈ (Ipv,2, Ipv,3]): As shown in Fig. 2(c),
in this case, the power of submodule 3 is extracted by DPP
converter 3 while other DPP converters will inject current to
compensate the current gap between the string and correspond-
ing submodules.
Mode IV (Istring ∈ (Ipv,3, ∞)): the current distribution
of this mode is illustrated in Fig. 2(d). Specifically, all DPP
converters will inject current to their corresponding PV sub-
modules.
Based on the classification of operation modes, the power
processing by DPP converters can be calculated and developed
to a n-submodules generalized model. Neglecting the power
loss in DPP converters, the power stress on ith DPP converter
could be mathematically expressed as:
Pdpp,i = Vpv,i|Istring − Ipv,i| (1)
Considering the independent MPP operation of PV submod-
ules in the PV-to-Bus DPP architecture, (1) can be rewritten
as:
Pdpp,i = Vmpp,i|Istring − Impp,i| (2)
Hence, the total processed power in DPP converters,







Vmpp,i|Istring − Impp,i| (3)
The unit-maximum processed power in DPP converters,
Pdpp,max, is expressed by:
Pdpp,max = max {Pdpp,1, Pdpp,2, · · · , Pdpp,n} (4)
B. LPP and PRBP Operation
Assume n PV submodules with various MPP current Impp,i
have a similar MPP voltage, namely Vmpp,i ∼= Vmpp. The MPP
current of the ith PV submodule, Impp,i, is the jth element in
ascending order of n MPP currents, which is labeled as Iasc,j
and Iasc,j−1 ≤ Iasc,j. In order to minimize the power processed
by DPP converters, the least power point tracking control
is proposed [17]. The point with total minimum differential
power Pdpp,tot is named the least power point (LPP). The
corresponding string current at LPP, ILPP, can be proved by
differentiating the continuous piecewise linear function (3),
and expressed as:
ILPP = Iasc, n+12
,when n is odd
ILPP ∈
[




,when n is even
(5)
The power stress in DPP converters is also important
during the tracking of LPP since unbalanced power distribution
may affect the system lifetime and reliability. Although the
theoretical rating of each DPP converter should be the same
as the maximum output power of PV submodules, many


















































Fig. 3. Configuration of PV-to-bus DPP architecture. (a) Diagram of three-
submodule based PV-to-bus DPP architecture. (b) Bidirectional flyback-based
DPP converter. (c) Centralized boost converter.
design and reduce the system cost. In [19] and [20], an
optimal strategy, namely the power rating balancing (PRB)
control, is proposed to seek the unit-minimum differential
power and balance the power distribution. Its basic principle
is described as the gradient of the power stress in each DPP
converter over the string current will change from negative to
positive once the string current is larger than the corresponding
submodule current. Thus, it is possible to minimize the power
distribution in the most stressful DPP converter due to its
convex characteristic concerning the string current with (4).
Furthermore, the corresponding optimal string current that is
named as the power rating balancing point (PRBP) should
occur at the middle between Iasc,1 and Iasc,n, which is labeled
as IPRBP. The maximum power stress in DPP converters with
various Istring can be expressed by solving (4) as:
Pdpp,max =
 Vmpp|Istring − Iasc,n|, Istring ∈ [0, IPRBP]
Vmpp|Istring − Iasc,1|, Istring ∈ [IPRBP,∞)
(6)
Substitute (5) into (6), then, Pdpp,max with Istring at LPP
could be expressed as:
PLPP =
 Vmpp|ILPP − Iasc,n|, ILPP ∈ [0, IPRBP]
Vmpp|ILPP − Iasc,1|, ILPP ∈ [IPRBP,∞)
(7)
At PRBP, the unit-maximum processed power in DPP
converters can be expressed by:
PPRBP = Vmpp|IPRBP− Iasc,1| = Vmpp|IPRBP− Iasc,n| (8)
By solving the above equation, the string current corre-




(Iasc,1 + Iasc,n) (9)
To specify the difference between LPP and PRBP, the im-
pact of operation point on the maximum power stresses of DPP
converters under different shading conditions are compared
based on the three submodule-based DPP architecture as in
Fig. 3. The full irraddiance is set as 1.0kW/m2, and no
power loss is considered in power converters. The MSX-60
PV module are used in the PV-to-Bus DPP system and their
specifications are summarized in TABLE II. Meanwhile, the
TABLE II
SPECIFICATIONS OF MSX-60 PV MODULE
Parameter Symbol Value
Number of PV cells ns 36
MPP power Pmpp 60W
MPP current Impp 3.55A
MPP voltage Vmpp 17.1V
Short-circuit current Isc 3.8A
Open-circuit voltage Voc 21.1V
Shunt resistance Rsh 1000Ω
Series resistance Rs 0.008Ω
Temperature coefficient of Isc αIsc 0.065%/
◦C
Temperature coefficient of Voc βVoc -0.38%/
◦C
S.F. of Submodule 1 = 0
S.F. of Submodule 2 = 0.2
(a)
S.F. of Submodule 1 = 0
S.F. of Submodule 2 = 0.4
(b)
S.F. of Submodule 1 = 0
S.F. of Submodule 2 = 0.6
(c)
S.F. of Submodule 1 = 0
S.F. of Submodule 2 = 0.8
(d)
Fig. 4. Pdpp,max with respect to the shading factor of submodule 3. (a)
S.F.2 = 0.2. (b) S.F.2 = 0.4. (c) S.F.2 = 0.6. (d) S.F.2 = 0.8.
shading factor (S.F.) is introduced to quantize the shaded
level in PV submodules, ’S.F. = 0’ and ’S.F. = 1’ refers to
unshaded and fully shaded, respectively. The S.F. parameters
for three submodules are set as: S.F. for submodule 1 is
zero, S.F. for submodule 2 will be set as 0.2, 0.4, 0.6 and
0.8, while S.F. of submodule 3 is changing from 0 to 1. As
demonstrated in Fig. 4, the maximum power stress Pdpp,max
with PRBP operation will be no larger than that with LPP
under any shading condition, which indicates the effectiveness
of the PRBP in reducing the power stress in DPP converters.
III. PROPOSED IPRB CONTROL
In previous works, the seeking for PRBP could be ap-
proached with perturb and observe (P&O) based UM-LPPT
in [19] or VE-based PRB optimization in [20]. However,
these works do not balance the trade-off among the control
interface, steady-state oscillations, and true MPP power extrac-
tion. Besides, the effect of non-ideal characteristics in power
electronics is ignored by these works.
To addressed these issues, an improved power rating bal-
ancing (IPRB) control is proposed to balance the uneven
differential power in this paper. The proposed IPRB control is
divided into two sections, including finite-state machine-based
MPPT (FSM-MPPT) control for DPP converters and power
rating balancing control for string current regulation. The
system configuration is demonstrated in Fig. 3. Considering
the requirement in isolation and bidirectional power transmis-





















































a Cont1 = 0
b Cont1 < 4
c Cont2 = 0
d Cont2 < 4
e Cont3 = 0
f Cont3 < 4
g |εpv,i| < εth
1 d11=d13||d12=d14
2 d11≠d13&&d12≠d14
3 Cont1 ≥ 4
4 d21=d23||d22=d24
5 d21≠d23&&d22≠d24
6 Cont2 ≥ 4
7 d31=d33||d32=d34
8 d31≠d33&&d32≠d34
9 Cont3 ≥ 4







Fig. 5. System control. (a) Control diagram. (b) State transition diagram
(STD) of FSM-MPPT control.
Fig. 3(b), is employed as the DPP converter in this paper. The
outputs of BFCs are directly connected with system output,
as drawn in Fig. 3(a). By using this configuration, differential
power is only processed one time comparing with connect-
ing to the input of the centralized converter. Additionally,
the direct connection reduces implementation complexity and
enhances system reliability dues to decouple processed power
in the centralized converter. Developed to AC applications,
the centralized DC/DC converter contributes a probability
to regulate DC-link voltage. Submodule power extraction is
obtained by BFCs through differential power injection and
removal. As illustrated in Fig. 3(c), the boost converter is
employed as the centralized converter to regulate string current
for approaching PRB control. The system control diagram is
illustrated in Fig. 5.
A. Submodule-BFC-level FSM-MPPT Control
In PV-to-bus architecture, every submodule equips an MPPT
controller for maximum power extraction as a conventional
solution. However, the independent MPPT controller enhances
the implementation cost and hardware size with the increase
in auxiliary power supplies and circuits [21], [23]. Hence, the
finite state machine (FSM) technique is utilized to provide the
sequential processing capability for each PV submodules and
reduce the number of MPPT controllers in this paper.
As illustrated in Fig. 5(a), the proposed FSM-MPPT control
would deliver the corresponding duty cycle for each BFCs
based on the sampled submodule currents and voltages. The
state transition diagram (STD), as in Fig. 5(b), is introduced to
detail the tracking procedure of proposed FSM-MPPT control,
and the state specifications is summarized in TABLE III.
Notably, di represents duty cycle for i DPP converter. di1, di2,
di3, di4 refer to the duty in last four perturbation intervals,
respectively. The Conti represents the counter for the duty
TABLE III
SPECIFICATIONS OF STATE TRANSITION DIAGRAM
State Flag d1 d2 d3 Cont1 Cont2 Cont3
A
1
P F F 0 0 0
B P F F Cont1++ 0 0
C
0
F P F Cont1 0 0
D F P F Cont1 Cont2++ 0
E
-1
F F P Cont1 Cont2 0
F F F P Cont1 Cont2 Cont3++
G F F F Cont1 Cont2 Cont3
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Fig. 6. Example duty cycle regulation with FSM-MPPT control.
cycle of ith BFC and used to detect the stability of achieved
submodule MPP. The value of Flag refers to the tracking of
MPP in the relative submodule.
An example tracking procedure for a three submodule-based
PV-to-Bus DPP architecture with proposed FSM-MPPT is
illustrated in Fig. 6. Initially, the submodule MPPT sequence
would begin at State A for submodule 1 with the Flag set at
1. In this state, only the d1 for controlling the corresponding
BFC for PV submodule 1 would perturb, and the counters
are continuously equal to zero. The perturbation of d1 is
based on the output power variation of submodule 1 between
two sampling intervals. For example, the sampled voltage and
current of PV submodule 1 are Vpv,1 (t− 1) and Ipv,1 (t− 1)
at the previous, and Vpv,1 (t) and Ipv,1 (t) at present sam-
pling intervals, respectively. If Ppv,1 (t) > Ppv,1 (t− 1) but
Vpv,1 (t) < Vpv,1 (t− 1) or Ppv,1 (t) < Ppv,1 (t− 1) but
Vpv,1 (t) > Vpv,1 (t− 1), the value of duty cycle d1 for
DPP converter 1 would increase for moving the PV operation
point to close to the MPP. Otherwise, the value of d1 would
decrease. State A would be continued until the sign occurred,
which is as d11 = d13 or d12 = d14 in 1© of Fig. 5(b).
This condition symbolizes that the steady-state three-level
perturbation is achieved in the MPPT for submodule 1, and the
state would transit to State B. In State B, the counter Cont1 is
used to record the continuous repeat frequency of d11 = d13
or d12 = d14, or Cont1 would return to 0 if the sign repeat is
discontinuous. Notably, the d1 would continue its perturbation
in this state as that in State A. If Cont1 ≥ 4, as obtained
3© in Fig. 5(b), d1 would be fixed, the operation of proposed
FSM-MPPT would transit to State C, and Flag would switch
to ’0’ for tracking the MPP of submodule 2. In State C, only
d2 would perturb and follow the concept above for perturbing
d1 in State A, but d1 and d3 are fixed here. Until three-level
perturbation of d2 is matched, as d21 = d23 or d22 = d24,
6
State C would transit to State D and Cont2 begins to count
as Cont1 in State B. In State D, Cont2 would record the
repeat time of three-level perturbation, and d2 would continue
the perturbation until Cont2 ≥ 4. Then, d2 would be fixed,
the operation state would transit to State E, and Flag would
switch to ’−1’, and the proposed FSM-MPPT would track
the MPP of submodule 3. Similarly, d3 would perturb and
Cont3 = 0 in State E till the sign of three-level perturbation
occurred. As d31 = d33 or d32 = d34 occurred, State E transit
to State F, d3 continues the perturbation, and Cont3 begins
to add up. The state of FSM-MPPT would transit to State G
until Cont3 ≥ 4 is obtained. In State G, the value of Flag,
di and Conti would be fixed till the irradiance changed. Once
the irradiance change is detected, as Case I transit to Case II
in Fig. 6, the operation state of proposed FSM-MPPT would
transit to State A, Flag would be refreshed as 1, and begin to
track submodules MPPs sequentially. The subsequent tracking
procedure is repeated as aforementioned. Notably, the steady-
state oscillations in each PV submodules by implementing the
proposed FSM-MPPT.
In the practical operation, the irradiance is easily changed,
which affects the mismatches of PV submodules and the oper-
ation state of the proposed control. Hence, a reliable criterion
for detecting the irradiance change is a crucial issue for control
design. To address this issue, the output power variation of the
i PV submodule between two adjacent sampling intervals εpv,i
is introduced in the proposed FSM-MPPT control. Meanwhile,
a preset threshold εth is used to validate the environmental dy-
namics and eliminate perturbation-induced steady-state power
variation. Basically, the irradiance change is detected by εpv,i
is larger than the absolute value of εth, and the mathematical
qualification could be delivered by
εpv,i =
∣∣∣∣Ppv,i(t)− Ppv,i(t− 1)Ppv,i(t− 1)
∣∣∣∣ ≥ εth (10)
where Ppv,i(t) and Ppv,i(t− 1) represent the output power of
submodule i in the present and previous sampling intervals.
The threshold εth is set to 0.05. Once εpv,i is larger than εth,
as obtained 10©, the irradiance condition would be considered
as changed, and the MPPs are required to be renewed. Here,
the operation state in proposed FSM-MPPT would be switched
to State A, and Flag would be renewed and set at 1. Then,
the proposed control would follow the tracking sequence to
approach the MPPs of all submodules.
B. String-Current-level Power Rating Balancing Control
Balanced processing power in BFCs is approached by
implementing the proposed PRB control, as illustrated in
Fig. 5(a). Generally, PRB control can balance the unit-
maximum power through BFCs by regulating string current
Istring. For Istring regulation, a PI controller is employed to
control the centralized boost converter. Meanwhile, the calcu-
lation of reference for string current Istring,ref is a key issue.
Based on the analysis above, an ideal Istring,ref for balancing
processing power could be selected at the corresponding value
of PRBP and expressed as




where Ipv,max and Ipv,min are maximum and minimum value
of submodule PV current and expressed as{
Ipv,max = max {Ipv,1, Ipv,2, Ipv,3}
Ipv,min = min{Ipv,1, Ipv,2, Ipv,3}
(12)
However, the power injection from string introduces the
power losses in actual operation. Hence, the ideal explained of
Istring,ref in (11) is not suitable for the non-ideal operation. In
non-ideal operations, the balancing power PPRBP is rewritten
as
PPRBP ∼= Vpv,min|IPRBP − Ipv,min|+ Ploss
∼= Vpv,max|IPRBP − Ipv,max|
(13)
where Vpv,min and Vpv,max represent the correlated voltage of
submodules with Ipv,min and Ipv,max and expressed as
Vpv,max = arg max︸ ︷︷ ︸
Vpv,max∈{Vpv,1,Vpv,2,Vpv,3}
{Ipv,1, Ipv,2, Ipv,3}




The power loss in DPP converter is represented by Ploss,
which expressed as
Ploss = Psw + Pmg (15)
To simplify the approach, the frequency-related loss in
magnetic components Pmg is ignored. The power loss in
MOSFETs, Psw, can be expressed as:
Psw ∼=RDS,oni2sw,RMS + ttrVswisw,peakfsw




where RDS,on, isw,RMS and isw,peak refer to static drain-to-
source on-resistance, RMS current and peak current through
the MOSFET, respectively. Vsw and VGS represent the voltage
across the MOSFET and the gate driving voltage. fsw, Ciss,
Coss represent the switching frequency, input and output
capacitance of MOSFETs, respectively.
Then, rewrite (13) with (15),






















C = (V 2dc + V
2
pv,min)Cossfsw − Vpv,maxIpv,max − Vpv,minIpv,min















where Vdc is the output voltage of centralized boost converter,












Fixed Vpv,1, Vpv,2, Vpv,3
(a)
Zero Oscillation
















Fig. 7. Simulation results for stable shading scenarios. (a) Submodule voltage.
(b) Submodule current. (c) Istring and filtered Istring. (d) Processing power
distribution.
duty cycle for the primary side switch of the ith BFC-based
DPP converter.
Then, the related string current of PRBP could be delivered







Besides, based on aforementioned analysis, IPRBP is a
unique solution located between Ipv,min and Ipv,max. Hence,







where Istring,ref ∈ [Ipv,min, Ipv,max]. Once (19) obtained,
control unit sends Istring,ref to PI controller for centralized
boost converter control. After regulated the string current, the
differential power could be balanced.
IV. SIMULATION AND EXPERIMENTAL EVALUATIONS
A. Simulation Evaluations
A simulation evaluation with stable and dynamic irradiance
conditions is carried out in PSIM for verifying the effec-
tiveness of proposed IPRB control, including FSM-MPPT
control for submodule power extraction and PRB control for
string current regulation. The proposed control is verified
with the aforementioned examples of three submodules and
bidirectional flyback converters, as demonstrated in Fig. 3. The
FSM-MPPT control and PRB control share the same PSIM/C-
Block function as the control unit. The perturbation interval
is set at 0.04s during the simulations.
1) Stable Shading Scenario: For evaluation with stable
irradiance, three mismatched PV submodules are used with
their irradiance level set as 0.8kW/m2, 0.5kW/m2 and
0.6kW/m2, respectively. The MPP currents respect to corre-
sponding irradiance level are 2.8A, 1.75A, and 2.1A, respec-
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Fig. 8. Dynamic partial shading scenarios in simulation.
Flag signal and submodules output voltages are demonstrated
in Fig. 7(a). The control unit tracks the MPP of submodule
1 while Flag equals to ’1’. Meanwhile, the voltages of sub-
module 2 and 3 are fixed during this period. Once submodule
1 approached MPP operation, the voltage of submodule 1 is
fixed, and Flag switches to ’0’ for tracking submodule 2.
Then, the voltage of submodule 3 continues fixed until MPP
of submodule 2 is approached, and Flag equals to ’−1’.
During the tracking process for the submodule 3, the voltage
of submodule 1 and 2 are fixed. As illustrated in Fig. 7(a),
all MPPs are successfully approached at around 1.1s with
the implementation of proposed FSM-MPPT. The submodules
currents and string current in the simulation are demonstrated
in Fig. 7(b). Here, the filtered string current represents the
string current after a first-order low pass filter, symbolizing
the reference of string current. Notably, the fluctuation in
string current could be mitigated by increasing the switching
frequency [17]. As illustrates in Fig. 7(c), string current can
be regulated to the middle between the extreme value of
submodule currents, which refers to the PRB point of DPP
converter operation. Fig. 7(d) shows the power distribution
of each DPP converters. As the aforementioned theoretical
analysis, the unit-maximum power distributions are balanced
with the proposed IPRB control. All the results evaluated
the performance of proposed control under stable irradiance
conditions.
2) Dynamic Shading Scenarios: Dynamic partial shading
scenarios for dynamic verification are set as demonstrated in
Fig. 8. Notably, the irradiance for submodule 1 is marked with
Epv,1 is initially set at 0.7kW/m2 and increases to 0.9kW/m2
at t = 1.5s, then reduced to 0.6kW/m2 at t = 3s, and
finally obtained at 0.8kW/m2 at t = 4.5s. The irradiance for
submodule 2 is marked with Epv,2 is initially set at 0.6kW/m2
and increases to 0.9kW/m2 at t = 1.5s, then decrease to
0.5kW/m2 at t = 3s and finally approached and maintained
at 0.7kW/m2 at t = 4.5s. For irradiance of submodule 3
marked with Epv,3, it begins at 0.3kW/m2 and decreases
to 0.2kW/m2 at t = 1.5s, then returns to 0.1kW/m2 at
t = 3s, and finally increases to 0.5kW/m2 at t = 4.5s.
With the changes in irradiance, four shading scenarios could
be classified.
Theoretically, the maximum withstanding power stress in
one DPP converter is the MPP power of the PV submodule by
tracking LPP. Hence, the rated power of DPP converters should
be at least designed to 60W for MSX-60 PV model, which
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Fig. 9. Simulation results for dynamic shading scenarios. (a) Submodule
voltage. (b) Submodule current. (c) Istring and filtered Istring. (d) Differential
power distribution.
represents to the PSC that one submodule is fully shaded
while the other two are with STC. Meanwhile, by operating at
PRBP, the maximum differential power withstand in the DPP
converters would be reduced to half of it with seeking LPP in
the worst shading scenario. By considering the design margin,
a higher region should be approached, which may reduce cost-
effectiveness. Fig. 9 demonstrated the main simulation results
with dynamic PSCs, includes the ’Flag’ signal, PV voltage,
PV current, string current and differential power. The ’Flag’
signal and submodule voltages are illustrated in Fig. 9(a). With
FSM-MPPT control, the MPP voltage of each PV submodules
could successfully tracked in order. Once the MPP voltage of
PV submodule 3 is obtained, the PV voltage regulation is fixed
and switched into the zero oscillation state until the irradiance
changed again. Fig. 9(b) illustrated the PV submodule currents
and the string current under four shading scenarios. With
proposed IPRB control, the optimal string current with variable
PSCs follows the calculated reference value as 1.7765A,
1.9687A, 1.2681A, and 2.304A, respectively. Notably, the
string current would also obtained the zero oscillation state
according to fixed steady state submodule currents as drawn in
Fig. 9(c). Hence, the distribution of unit-maximum differential
power could be balanced by seeking the PRBP, as shown in
Fig. 9(d).
B. Experimental Evaluations
An experimental platform built with three series-connected
PV submodules, as in Fig. 3, is used to verify the performance
of proposed control. The MSX-60 PV model is employed as
the PV submodule, and the parameters are listed in TABLE II.
The specifications of DPP converters and centralized boost
converter are listed in TABLE IV, and experimental prototype
is shown in Fig. 10(a). The dSPACE DS1104 module is
used to install the proposed IPRB control. The electronic
TABLE IV
SYSTEM SPECIFICATIONS
Parameter Symbol Model and Value
Flyback converter switch Qpri, Qsec IRFP460
Flyback converter primary-side capacitor Cpri 220µF
Flyback converter secondary-side capacitor Csec 47µF
Transformer magnetic inductor Lmg 300µH
Transformer turns ratio Npri : Nsec 1:3
Boost converter switch Qboost IRFP250
Boost converter diode D RHRG30120
Boost converter capacitor Cout 47µF
Boost converter inductor L 1mH
Switching frequency fsw 20kHz
Sampling interval in simulation Tp(Sim.) 0.04s
















Fig. 10. Experimental prototype. (a) Experimental platform. (b) Connection
for emulating irradiance level.
load, IT8514C+, is used and operates as a constant voltage
load with a value of 100V. In order to simulate the PSCs
accurately, the bias-current-injected method is introduced with
a DC power supply, which operates at constant current (CC)
mode. Hence, each submodule is parallel connected with the
DC power supply RIGOL DP832 as illustrated in Fig. 10(b).
The photocurrent could be approached by the output current
of DP832, and emulates the actual irradiation level. Then, the
emulation of partial shading is easily achieved by changing the
output current of the relevant DC power supply. The sampling
interval is set to 0.3s.
The proposed control is compared with the voltage equal-
ization control by experiment, which is as a suboptimal
MPPT solution. The measured power versus voltage curves
under various irradiance levels for the MSX-60 PV model
are demonstrated in Fig. 11(a). It indicates that the voltage
deviation between the ture MPPT line and VE line is easily
occurred with irradiance variations, especially with a low
irradiance level. Additionally, several factors would deteriorate
the deviation, such as production tolerances, uneven aging
degradation [50]–[53]. Basically, the Pmpp degradation is
around 0.4% to 0.6% per year, mainly dominated by the
decline of fill factor [53]. As reported by [52], the standard
deviation of MPP voltage may increase by four times, and the
MPP current may decrease 16.57% after 20 years. These types
of degradation is undesired for voltage equalization imple-
ment, which would further deteriorate power loss. Hence, the
individual MPPT operation should be employed for yielding
the power extraction instead of VE control.
For quantifying the effect of voltage deviation due to
irradiance variation, the measured percentage power loss due







where PVE and PMPPT are the maximum power ex-
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Fig. 11. Negativeness with voltage equalization. (a) Voltage shift against true











Fig. 12. Experimental results with steady irradiance. (a) Submodule voltage.
(b) Submodules and string current.
traction with simplified voltage equalization and true
MPPT control, respectively. In this test, submodule 1 is
swept with 0.1kW/m2, 0.2kW/m2, 0.4kW/m2, 0.6kW/m2,
0.8kW/m2, and 1.0kW/m2. Submodule 2 and submodule 3 is
swept with the shading factor of 0, 0.2, 0.4, 0.6, 0.8, and 0.9,
respectively. The percentage power loss with variable PSCs is
indicated in Fig. 11(b). It could be observed that the percentage
power loss due to VE is increased with the exacerbation
of partial shading. Notably, the potential power loss may
approach 30% in some severe scenarios. In consideration of
the occurrence frequency of PSC in the real world [30], it
is necessary to employ a true MPPT rather than the subop-
timal operation with simplified voltage equalization. Besides,
the implementation of VE required a high similarity in PV
parameters, which would reduce the capability of replacement
parts.
In order to verify the effectiveness of proposed IPRB
control, the experiments include steady and dynamic irradiance
evaluations. As demonstrated in Fig. 12, the effectiveness
of proposed IPRB control with steady PSC is verified. The
irradiance of three submodules are set as in simulation with
the value of 0.8kW/m2, 0.5kW/m2, and 0.6kW/m2, respec-
tively. The submodule voltages are illustrated in Fig. 12(a), and
occurs obvious three-level perturbation while approached indi-
vidual MPP. The submodule and string currents are shown in
Fig. 12(b). Once the MPP of a specific submodule is obtained,
the FSM-MPPT control switched to seek the MPP of the next
submodule until all individual MPPs are approached and zero
steady state oscillation in submodule level is achieved. With
proposed IPRB control, the string current could be successfully
maintained at the PRBP to balance the power distribution
among DPP converters.
To validate the dynamic performance of proposed IRPB
control, the experimental evaluation with various PSCs is
carried out, and the shading scenarios are as used in the
simulations. Fig. 13 demonstrated the experimental results of
proposed control under dynamic PSCs. Similar to the results
Case IIICase II Case IVCase I
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Fig. 13. Experimental results with dynamic irradiance. (a) Submodule voltage.
(b) Submodules and string current.
with stable PSC, the submodule MPPs could be obtained in
order by implementing the FSM-MPPT control. The string
current quickly follows the changing shading scenarios and
maintains at the deserved level with proposed PRB control,
which as demonstrated in Fig. 13(b). Besides, zero oscillation
is adopted in both of submodule- and module-level. Hence, the
performance of proposed IPRB control is validated by both
steady and dynamic PSCs.
C. Improvement with Proposed Control
The conventional PRB control shows some limitations in
submodule- and/or module-level, such as control coupling,
steady state oscillations, less cost-effectiveness for true MPP
operations, and additional power loss. With the proposed IPRB
control, several advances could be addressed and summarized
as follows:
1) Cost-effectiveness optimization: A significant uneven
power distribution may occur with LPPT controls in compli-
cated mismatching scenarios, which would enhance the cost of
DPP converters considering a reliable design redundancy. An
even power distribution could reduce the unit-maximum power
stress and the failure rate of switches in DPP converters by
tracking the PRBP, which is beneficial to cost-effectiveness.
Conventionally, distributed MPPT(DMPPT) is employed to
obtain the submodule-level MPP [17], [19]. However, DMPPT
required the parallel processing capability which is not avail-
able for a single-threaded microcontroller [54]. Thus, the
implementation of DMPPT required multiple microcontrollers
or multi-threading controller, which would induce additional
cost. In [20], voltage equalization is induced and shows the
effectiveness of solving control complexity. However, the
practicability of VE technique is limited in the cases of
uneven aging or the applications with different PV module
specifications, which are required to be considered in-field
operation. With the proposed FSM-MPPT control, the amount
of MPPT controller could be reduced to one as with TS-MPPT
or voltage equalization, considered its sequential processing
characteristic. Besides, as the comparison demonstrated in
Fig. 14, the limitation of VE could be eliminated but ensured
a reliable tracking accuracy as with DMPPT.
2) Control coupling reduction: Traditionally, the control
for the submodule and module level are separated from each
other, as in [17] and [19]. However, the implementation of
two extreme-seeking algorithm increases monolithic control
coupling [20]. Notably, multiple module-level regulations are
required to be embedded in each submodule MPPT pertur-
bation step, as demonstrated in Fig. 14(a). In the experi-
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Fig. 14. Comparison between various controls under the step-changing shading conditions from Case III to Case IV. (a) UM-LPPT in [19]. (b) VE-based
PRB in [20]. (c) Proposed IRPB.
for submodule MPPT is selected at 10s to obtain a stable
operation with the optimal point in module level, which would
significantly reduce the dynamic response of MPPT control.
Moreover, the coordination between submodule and module-
level control enhances the complexity and coupling level and
leads to the potential tracking error with some mismatching
scenarios. With proposed IPRB, the control coupling could be
reduced by synchronizing the current value referred to PRBP
while seeking the submodule MPPs. The determination of
string current reference in proposed control is integrated with
FSM-MPPT and shared the same control unit. As illustrated
in Fig. 14(c), the Istring,ref follows the change in each sample
interval show a higher dynamic with proposed IPRB control
than that with UM-LPPT in Fig. 14(a). Thus, the control
coupling between submodule- and module-level control could
be reduced.
3) Oscillations elimination: The oscillations in output
power are mainly casing by the multiple extreme-seeking
controls, which may induce external power loss. As demon-
strated in Fig. 14(a), steady-state oscillation is existed in both
submodule and module-level control with conventional PRB
control, as UM-LPPT, in [19]. Besides, the asynchronous
perturbation time would slow down the dynamic response to
the rapid change in irradiance. As specified in Fig. 14(c), the
Istring regulation could be significantly improved with the im-
plementation of proposed control, which is with synchronous
perturbation. Meanwhile, the proposed control could eliminate
the steady-state oscillations once the submodule MPPs are
tracked. Notably, as illustrated in Fig. 14(b), the VE-based
solution [20] could obtain the zero oscillation as that with
the proposed control. However, voltage equalization has its
limitations in suboptimal MPP operation, which increased the
system power loss. Also, VE is not suitable for the PV module
uncertainty, and the equalized voltage might shift from actual
MPP with specifications variation.
V. RELIABILITY IN PV-TO-BUS DPP ARCHITECTURES
A. Basic Concept of Component Failure Rate Analysis
It is well known that the power stress of DPP converters will
affect their lifetime. In order to quantify the influence dues to
the power distribution, component-level reliability analysis is
carried out considering that the failure rate or hazard rate, λ,
is an important metric to quantify the engineering reliability
[55]. The component-level reliability analysis will focus on
the failure rate of key electrical components, including power
semiconductors, capacitors, and magnetic devices by using
widely recognized empirical models in the military handbook
for the reliability prediction of electronic equipment (MIL-
HDBK-217) [47], [56], [57]. With the component-level relia-
bility analysis, the system failure rate λsys in units per million
hours is expressed by
λsys = λsw + λC + λTR (21)
where λsw, λC, λTR refers to failure rate of power MOSFETs,
capacitors and transformers, respectively.
Specifically, for N-channel MOSFETs, λsw can be ex-
pressed as:
λsw = λb,swπTπAπQπE (22)
where λb,sw, πT, πA, πQ, πE represents the basic failure rate
of MOSFETs, temperature factor, application factor, quality
factor and environment factor, respectively.
Normally, λb,sw is constant, which is 0.012 for MOSFET












where TA is the ambient temperature. TJ is the junction
temperature and can be expressed as “TJ = TA + θJAPsw”.
θJA is junction-to-ambient thermal resistance.
The failure rate of transformers λTR can be calculated by
λTR = λb,TRπQπE (24)
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where the basic failure rate for transformers, λb,TR, is set as
0.0028 with an operating temperature at 40◦C.
For the electrolytic capacitor, the failure rate λC can be
calculated by
λC = λb,CπCVπQπE (25)
where πQ is set as 1, πCV is the capacitance factor and
expressed as πCV ≈ 0.34C0.18, Vop is the operating voltage,
















B. Component Failure Rate Analysis in PV-to-Bus DPP Ar-
chitectures
In this paper, a PV-to-bus DPP architecture with three MSX-
60 PV submodules is adopted for the analysis and Fig. 3(a)
illustrates the system diagram, where the bidirectional flyback
converter (BFC) and the boost converter are selected as the
DPP converter and centralized converter, as shown in Fig. 3(b)
and Fig. 3(c), respectively. Based on the above-discussed
component-failure-rate based reliability method, the failure
rate of ith BFC λBFCi can be expressed as:
λBFCi = λswpri,i + λswsec,i + λTRi + λCpri,i + λCsec,i (27)
The failure rate of transformers and capacitors in the PV-
to-bus DPP architecture can be approximated as constants.
Thus, λsw becomes the key factor that affects the total failure
rate of the BFC-based DPP converter, which is changing with
the processed power. With the discussions above, the tracking
of LPP and PRBP will affect the power distribution in DPP
converters, which further affects the system failure rate. Hence,
a fair comparison of the failure rate in the PV-to-bus DPP
architecture by using LPPT, VE-based PRB and proposed
IPRB control is conducted to show the function of different
strategies in DPP converters.
For BFCs, the primary and secondary side devices are
IRFP460 [18] and the component specifications fsw, VGS,
θJA, RDS,on, ttr, Ciss, Coss are set as 20kHz, 15V, 40◦C/W,
0.27Ω, 59ns, 4200pF and 870pF, respectively [59]. The
voltage of DC bus, Vdc, is set to 100V, which is the voltage
stress on the secondary-side power devices.
For the centralized boost converter, the corresponding fail-
ure rate, λboost, could be expressed as:
λboost = λsw,boost + λD + λL + λCout (28)
where, λsw,boost, λD, λL and λCout represent the failure rate
of the power device, diode, inductor and output capacitor,
respectively.
Similar as the analysis in BFCs, the component-failure-
rate based reliability assessment for the centralized boost
converter can be mainly focused on the power switch Qboost
and the corresponding failure rate expression is shown in (22).
The main power switch is IRFP250 [18] and the component
specifications fsw, VGS, θJA, RDS,on, ttr, Ciss, Coss are set
as 20kHz, 15V, 40◦C/W, 0.075Ω, 43ns, 2159pF and 315pF,
respectively [60].
S.F. of Submodule 1 = 0
S.F. of Submodule 2 = 0.2
(a)
S.F. of Submodule 1 = 0
S.F. of Submodule 2 = 0.4
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Fig. 15. The impact of controls on maximum failure rate in DPP converters
λswdpp,max under various shading factor of submodule 3. (a) S.F.1 = 0
and S.F.2 = 0.2. (b) S.F.1 = 0 and S.F.2 = 0.4. (c) S.F.1 = 0 and
S.F.2 = 0.6. (d) S.F.1 = 0 and S.F.2 = 0.8.
Thus, the system reliability of the PV-to-Bus DPP architec-
ture, λsys, could be evaluated by considering both the failure
rate of DPP converters λBFCi and boost converter λboost,
which can be expressed as:












Taking the reliability assessment of BFCs under various
shading conditions as the example, the calculated λsw concern-
ing the shading factor of submodule 3 is illustrated in Fig. 15.
The solar irradiance with a S.F. = 0 is set at 1.0kW/m2, and
the ambient temperature TA is set as 25◦C for the standard
test condition (STC) operation. The designed power rating
of DPP converter equals to half of the MSX-60 PV module
MPP power with STC, as 30W. As illustrated in Fig. 15, the
proposed IPRB can effectively reduce the maximum failure
rate of the power switches among DPP converters λswdpp,max
compared with LPPT [17], [18] and VE-PRB [20] control,
which is consistent with the power distribution in Fig. 4.
Notably, the proposed IPRB control illustrated lower failure
rates within the designed rating of DPP converters. Thus,
λswdpp,max can be reduced by using the proposed IPRB with
the reduced power stress endured in DPP converters.
C. Mission Profile-based Reliability Assessment
In the real world, the environmental conditions would not be
constant considering the substantial variation in the irradiance
and ambient temperature. Thus, it is necessary to adopt the
mission profile in the system reliability analysis [61]–[64].
Hence, the mission profile-based reliability assessment is
employed to evaluate the impact of controls on the reliability
under meteorological conditions. Fig. 16 demonstrated the
yearly mission-profiles (i.e., irradiance and ambient temper-
ature with a sampling resolution of one-minute) in University
of Nevada, Las Vegas (UNLV), Las Vegas, NV, USA, 2019.
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Fig. 16. Yearly mission profiles (i.e., irradiance and ambient temperature
with a sampling resolution of one-minute) in University of Nevada, Las Vegas
(UNLV), Las Vegas, NV, USA, 2019.
The comparisons in terms of failure rate and reliability are
carried out under several different shading scenarios, includes
light-, medium- and severe-shaded conditions. The detailed
shading scenarios are defined as:
• Light-shaded scenario: S.F.1 = 0, S.F.2 = 0, S.F.3 =
0.7
• Medium-shaded scenario: S.F.1 = 0, S.F.2 = 0.2,
S.F.3 = 0.8
• Severe-shaded scenario: S.F.1 = 0, S.F.2 = 0.7, S.F.3 =
0.9
Here, S.F.1, S.F.2, and S.F.3 refer to the shading factor of
PV submodule 1, 2 and 3, respectively. The designed power
rating of DPP converter is set at 42W, which is considered
with the peak irradiance among the mission profiles. Notably,
the transient state would be ignored in this analysis, consider-
ing that irradiance variations are much longer than the dynamic
response of different controls. As demonstrated in Fig. 17,
the total differential power Pdpp,tot by implementing IPRB is
lightly higher than that with LPPT under three shading con-
ditions. Meanwhile, the local enlarged image illustrated that
VE-PRB would switch between the LPP and PRB, which is
DPP converter power rating depended. Notably, the maximum
power stress Pdpp,max by using the IPRB is lower than with
LPPT and is fractionally approached the power stress with
LPPT, which is highly relevant to the failure rate in three
DPP converters. With the same power switch specifications,
proposed IPRB illustrated the lower total power loss in DPP
converters Psw,tot compared with other controls in Fig. 17,
and it is beneficial for the system efficiency. The impact of
power loss on the junction temperature of both-side switches
withstood Pdpp,max are marked with TJ,pri and TJ,sec. The
operation with proposed IPRB contributes to a lower junction
temperature due to the lower power loss in the stressful power
switches. With higher power stress in the single DPP converter,
the maximum failure rate among switches of DPP converters
λswdpp,max is higher with LPPT or VE-PRB controls, which is
undesirable for system lifetime. Moreover, the uneven power
distribution leads to the higher design requirements of the
DPP converter, reducing cost-effectiveness. For instance, the
designed power rating with LPPT should meet the MPP power
extraction of PV submodule at STC by considering the worst
shading case during the operation. Alternatively, the designed
power could be reduced to the half of MPP power with VE-
PRB or proposed IPRB control.
The impact of different controls on the failure rate of
centralized boost converter is validated in Fig. 18. The power
processed by boost converter Pboost demonstrated a neg-
ative correlation with the shading level. Thus, the power
loss Psw,boost would decreased in boost converter with the
increasing shading level. Accordingly, the power processed
by boost converter and power loss in switch with proposed
IPRB control is slightly lower than that with LPPT or VE-PRB
control, which is benefit to the reliability enhancement with
investigated light- or medium-shaded scenarios. The junction
temperature of power switch showed positive correlation with
the power loss in a centralized boost converter, which shows
a lower TJ,boost in these two PSCs. Notably, as illustrated
in Fig. 19(c), the lower processing power in boost converter
occurred with LPPT control with the severe-shaded scenario,
which further introduces a lower failure rate.
The failure rate in DPP converters and boost converter did
not show the same trend among three shading scenarios. Thus,
the system-level failure rate λsys in (29) is introduced to
investigate the impact of different controls. Compared with
LPPT and VE-PRB, the proposed IPRB control performed a
lower failure rate under the mission profiles, as illustrated in
Fig. 19. For further quantitative analysis of reliability impact,
the system reliability R(t) is introduced to investigate the
effect of failure rate variation with yearly mission profiles,
which is expressed as [28]:
R(t) = e−
∫
λsysdt = e−λsyst (30)
Based on the failure rate of DPP architecture, the system
reliability variations after the yearly mission-profiles operation
could be demonstrated as in Fig. 20 under the three investi-
gated PSCs. The system reliability could be maintained at the
slightly higher level with the proposed IPRB control after a
one-year operation, which shows the advances of proposed
control in reliability enhancement.
VI. CONCLUSION
In this paper, an improved power rating balancing control
is proposed with the PV-to-bus DPP architecture using in DC
microgrid. By employing the proposed control, the individual
MPPs could be achieved by FSM-MPPT at the submodule
level, which can improve the power yielding from PV submod-
ule. The implement of FSM-MPPT control reduces the number
of the control unit to one, which can further reduce the system
cost. Besides, the proposed IPRB control provides a simple
proof to approach an even unit-maximum power distribution
by regulating the string current to the desired value based on
the mathematical analysis of power delivery with non-ideal
characteristic consideration. The simulations and experimental
results verify the effectiveness of proposed IPRB control under
steady and dynamic shading conditions.
VII. ACKNOWLEDGMENT
This work was supported by the Research development
fund of XJTLU (RDF-17-01-28), the Research Enhancement
fund of XJTLU (REF-17-01-02), the Suzhou Prospective
Application programme (SYG202016), and the XJTLU Key
Programme Special Fund (KSF-A-08, KSF-E-13, KSF-T-04).
Yinxiao Zhu, Huiqing Wen, Guanying Chu, Xue
Wang and Qilin Peng are with the School of Advanced
13
(a) (b) (c)
Fig. 17. The impact of controls on DPP converters with various shading conditions under yearly mission-profiles. (a) Light-shaded scenario. (b) Medium-shaded
scenario. (c) Severe-shaded scenario.
(a) (b) (c)
Fig. 18. The impact of controls on centralized boost converter with various shading conditions under yearly mission-profiles. (a) Light-shaded scenario. (b)
Medium-shaded scenario. (c) Severe-shaded scenario.
Technology, Xi’an Jiaotong-Liverpool University, Suzhou
215123, China (e-mail: Yinxiao.Zhu19@student.xjtlu.edu.cn;
Huiqing.Wen@xjtlu.edu.cn; Guanying.Chu@xjtlu.edu.cn;
Xue.Wang19@student.xjtlu.edu.cn).
Yihua Hu is with the University of York, York YO10 5DD,
U.K. (e-mail: yihua.hu@york.ac.uk).
Lin Jiang is with the University of Liverpool, Liverpool L69
3BX, U.K. (e-mail: l.jiang@liverpool.ac.uk).
REFERENCES
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[13] A. Mäki and S. Valkealahti, “Power losses in long string and parallel-
connected short strings of series-connected silicon-based photovoltaic
modules due to partial shading conditions,” IEEE Trans. Energy Con-
vers., vol. 27, no. 1, pp. 173–183, Mar 2012.
[14] X. Li, H. Wen, Y. Hu, L. Jiang, and W. Xiao, “Modified beta algorithm
for gmppt and partial shading detection in photovoltaic systems,” IEEE
Trans. Power Electron., vol. 33, no. 3, pp. 2172–2186, 2018.
[15] M. Kermadi, Z. Salam, J. Ahmed, and E. M. Berkouk, “An effective
hybrid maximum power point tracker of photovoltaic arrays for complex
partial shading conditions,” IEEE Trans. Ind. Electron., vol. 66, no. 9,
pp. 6990–7000, 2019.
[16] M. A. Ghasemi, H. M. Foroushani, and F. Blaabjerg, “Marginal power-
based maximum power point tracking control of photovoltaic system
under partially shaded condition,” IEEE Trans. Power Electron., vol. 35,
no. 6, pp. 5860–5872, 2020.
[17] Y. Jeon, H. Lee, K. A. Kim, and J. Park, “Least power point tracking
method for photovoltaic differential power processing systems,” IEEE
Trans. Power Electron., vol. 32, no. 3, pp. 1941–1951, Mar 2017.
[18] G. Chu, H. Wen, Y. Yang, and Y. Wang, “Elimination of photovoltaic
mismatching with improved submodule differential power processing,”
IEEE Trans. Ind. Electron., vol. 67, no. 4, pp. 2822–2833, 2020.
[19] Y. Jeon and J. Park, “Unit-minimum least power point tracking for
the optimization of photovoltaic differential power processing systems,”
IEEE Trans. Power Electron., vol. 34, no. 1, pp. 311–324, Jan 2019.
[20] G. Chu, H. Wen, Y. Hu, L. Jiang, Y. Yang, and Y. Wang, “Low-
complexity power balancing point-based optimization for photovoltaic
differential power processing,” IEEE Trans. Power Electron., vol. 35,
no. 10, pp. 10 306–10 322, 2020.
[21] R. C. N. Pilawa-Podgurski and D. J. Perreault, “Submodule integrated
distributed maximum power point tracking for solar photovoltaic appli-
cations,” IEEE Trans. Power Electron., vol. 28, no. 6, pp. 2957–2967,
Jun 2013.
[22] N. Pragallapati and V. Agarwal, “Distributed pv power extraction based
on a modified interleaved sepic for nonuniform irradiation conditions,”
IEEE J. Photovolt., vol. 5, no. 5, pp. 1442–1453, Sep 2015.
[23] O. Khan, W. Xiao, and H. H. Zeineldin, “Gallium-nitride-based submod-
ule integrated converters for high-efficiency distributed maximum power
point tracking PV applications,” IEEE Trans. Ind. Electron., vol. 63,
no. 2, pp. 966–975, Feb 2016.
[24] F. Wang, T. Zhu, F. Zhuo, H. Yi, S. Shi, and X. Zhang, “Analysis and
optimization of flexible mcpt strategy in submodule pv application,”
IEEE Trans. Sustain. Energy, vol. 8, no. 1, pp. 249–257, Jan 2017.
[25] S. Sajadian and R. Ahmadi, “Distributed maximum power point track-
ing using model predictive control for photovoltaic energy harvesting
architectures based on cascaded power optimizers,” IEEE J. Photovolt.,
vol. 7, no. 3, pp. 849–857, May 2017.
[26] O. Khan and W. Xiao, “Review and qualitative analysis of submodule-
level distributed power electronic solutions in PV power systems,”
Renewable Sustainable Energy Rev., vol. 76, pp. 516–528, Sep 2017.
[27] K. A. Kim, P. S. Shenoy, and P. T. Krein, “Converter rating analysis for
photovoltaic differential power processing systems,” IEEE Trans. Power
Electron., vol. 30, no. 4, pp. 1987–1997, Apr 2015.
[28] P. S. Shenoy, K. A. Kim, B. B. Johnson, and P. T. Krein, “Differential
power processing for increased energy production and reliability of
photovoltaic systems,” IEEE Trans. Power Electron., vol. 28, no. 6, pp.
2968–2979, Jun 2013.
[29] P. S. Shenoy and P. T. Krein, “Differential power processing for dc
systems,” IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1795–1806,
April 2013.
[30] S. Qin, S. T. Cady, A. D. Domı́nguez-Garcı́a, and R. C. N. Pilawa-
Podgurski, “A distributed approach to maximum power point tracking
for photovoltaic submodule differential power processing,” IEEE Trans.
Power Electron., vol. 30, no. 4, pp. 2024–2040, Apr 2015.
[31] S. Qin, C. B. Barth, and R. C. N. Pilawa-Podgurski, “Enhancing microin-
verter energy capture with submodule differential power processing,”
IEEE Trans. Power Electron., vol. 31, no. 5, pp. 3575–3585, May 2016.
[32] F. Wang, T. Zhu, F. Zhuo, and H. Yi, “An improved submodule
differential power processing-based pv system with flexible multi-mppt
control,” IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 6, no. 1, pp. 94–102, Mar 2018.
[33] J. T. Stauth, M. D. Seeman, and K. Kesarwani, “Resonant switched-
capacitor converters for sub-module distributed photovoltaic power
management,” IEEE Trans. Power Electron., vol. 28, no. 3, pp. 1189–
1198, March 2013.
[34] A. Blumenfeld, A. Cervera, and M. M. Peretz, “Enhanced differential
power processor for pv systems: Resonant switched-capacitor gyrator
converter with local mppt,” IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 2, no. 4, pp. 883–892, Dec 2014.
[35] M. K. Al-Smadi and Y. Mahmoud, “Image-based differential power pro-
cessing for photovoltaic microinverter,” IEEE Trans. Energy Convers.,
pp. 1–1, 2020.
[36] Y. Levron, D. R. Clement, B. Choi, C. Olalla, and D. Maksimovic, “Con-
trol of submodule integrated converters in the isolated-port differential
power-processing photovoltaic architecture,” IEEE Journal of Emerging
and Selected Topics in Power Electronics, vol. 2, no. 4, pp. 821–832,
Dec 2014.
[37] C. Olalla, C. Deline, D. Clement, Y. Levron, M. Rodriguez, and D. Mak-
simovic, “Performance of power-limited differential power processing
15
architectures in mismatched pv systems,” IEEE Trans. Power Electron.,
vol. 30, no. 2, pp. 618–631, Feb 2015.
[38] R. Bell and R. C. N. Pilawa-Podgurski, “Decoupled and distributed max-
imum power point tracking of series-connected photovoltaic submodules
using differential power processing,” IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 3, no. 4, pp. 881–891, Dec
2015.
[39] G. Chu, H. Wen, L. Jiang, Y. Hu, and X. Li, “Bidirectional flyback
based isolated-port submodule differential power processing optimizer
for photovoltaic applications,” Sol. Energy, vol. 158, pp. 929–940, Dec
2017.
[40] C. Olalla, D. Clement, M. Rodriguez, and D. Maksimovic, “Archi-
tectures and control of submodule integrated dc–dc converters for
photovoltaic applications,” IEEE Trans. Power Electron., vol. 28, no. 6,
pp. 2980–2997, Jun 2013.
[41] K. Sun, Z. Qiu, H. Wu, and Y. Xing, “Evaluation on high-efficiency ther-
moelectric generation systems based on differential power processing,”
IEEE Trans. Ind. Electron., vol. 65, no. 1, pp. 699–708, Jan 2018.
[42] H. Jeong, S. Park, J. H. Jung, T. Kim, A. R. Kim, and K. A. Kim,
“Segmented differential power processing converter unit and control
algorithm for photovoltaic systems,” IEEE Trans. Power Electron.,
vol. 36, no. 7, pp. 7797–7809, 2021.
[43] M. Uno and A. Kukita, “Single-switch voltage equalizer using mul-
tistacked buck–boost converters for partially shaded photovoltaic mod-
ules,” IEEE Trans. Power Electron., vol. 30, no. 6, pp. 3091–3105, 2015.
[44] M. Uno and Akio Kukita, “Current sensorless equalization strategy
for a single-switch voltage equalizer using multistacked buck–boost
converters for photovoltaic modules under partial shading,” IEEE Trans.
Ind. Appl., vol. 53, no. 1, pp. 420–429, 2017.
[45] M. Uno and K. Honda, “Panel-to-substring differential power processing
converter with embedded electrical diagnosis capability for photovoltaic
panels under partial shading,” IEEE Trans. Power Electron., pp. 1–1,
2021.
[46] H. Jeong, H. Lee, Y.-C. Liu, and K. A. Kim, “Review of differential
power processing converter techniques for photovoltaic applications,”
IEEE Trans. Energy Convers., vol. 34, no. 1, pp. 351–360, 2019.
[47] D. Hirschmann, D. Tissen, S. Schroder, and R. W. D. Doncker, “Relia-
bility prediction for inverters in hybrid electrical vehicles,” IEEE Trans.
Power Electron., vol. 22, no. 6, pp. 2511–2517, Nov 2007.
[48] M. Arifujjaman, M. T. Iqbal, and J. E. Quaicoe, “A comparative study
of the reliability of the power electronics in grid connected small
wind turbine systems,” in 2009 Canadian Conference on Electrical and
Computer Engineering, 2009, pp. 394–397.
[49] S. Yang, A. Bryant, P. Mawby, D. Xiang, L. Ran, and P. Tavner, “An
industry-based survey of reliability in power electronic converters,” IEEE
Trans. Ind. Appl., vol. 47, no. 3, pp. 1441–1451, 2011.
[50] G. Cipriani, V. Di Dio, A. Marcotulli, and R. Miceli, “Manufacturing
tolerances effects on pv array energy production,” in 2014 International
Conference on Renewable Energy Research and Application (ICRERA),
2014, pp. 952–957.
[51] F. Spertino and J. S. Akilimali, “Are manufacturing i–v mismatch and
reverse currents key factors in large photovoltaic arrays?” IEEE Trans.
Ind. Electron., vol. 56, no. 11, pp. 4520–4531, 2009.
[52] C. E. Chamberlin, M. A. Rocheleau, M. W. Marshall, A. M. Reis, N. T.
Coleman, and P. A. Lehman, “Comparison of pv module performance
before and after 11 and 20 years of field exposure,” in 2011 37th IEEE
Photovoltaic Specialists Conference, 2011, pp. 000 101–000 105.
[53] D. C. Jordan, B. Sekulic, B. Marion, and S. R. Kurtz, “Performance and
aging of a 20-year-old silicon pv system,” IEEE J. Photovolt., vol. 5,
no. 3, pp. 744–751, 2015.
[54] S. Zouaoui, L. Boussaid, and A. Mtibaa, “Smallrtos: Microcontroller-
based embedded multitasking,” in 2017 International Conference on
Engineering MIS (ICEMIS), 2017, pp. 1–6.
[55] K. Ma, H. Wang, and F. Blaabjerg, “New approaches to reliability
assessment: Using physics-of-failure for prediction and design in power
electronics systems,” IEEE Power Electron. Mag., vol. 3, no. 4, pp. 28–
41, 2016.
[56] Y. Song and B. Wang, “Survey on reliability of power electronic
systems,” IEEE Trans. Power Electron., vol. 28, no. 1, pp. 591–604,
Jan 2013.
[57] M. A. Masrur, “Penalty for fuel economy— system level perspectives
on the reliability of hybrid electric vehicles during normal and graceful
degradation operation,” IEEE Syst. J., vol. 2, no. 4, pp. 476–483, Dec
2008.
[58] MIL-HDBK-217F Military Handbook for Reliability Prediction of Elec-
tronic Equipment, U. S. Department of Defense, Washington D.C.,
U.S.A., 1991.
[59] IRFP460 Power MOSFET Datasheet, Vishay Siliconix, 2008, rev. A.
[Online]. Available: https://www.vishay.com/docs/91237/91237.pdf
[60] IRFP250MPbF Power MOSFET Datasheet, In-
fineon Technologies, 2020. [Online]. Available:
https://www.infineon.com/dgdl/Infineon-IRFP250M-DataSheet-v01 01-
EN.pdf?fileId=5546d462533600a4015356287bc71fda
[61] S. E. De León-Aldaco, H. Calleja, F. Chan, and H. R. Jiménez-Grajales,
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